The bioactivity of secondary metabolites from faba bean, white lupine, winter turnip rape, and caraway extracts was evaluated against the growth of the fungal pathogens Fusarium culmorum (W.G. Sm.) Sacc., Rhizoctonia solani J.G. Kühn, and Botrytis cinerea Pers., and the germination and growth of the weeds Elymus repens (L.) Gould and Arabidopsis thaliana (L.) Heynh. An agar diffusion assay was used on the fungal pathogens and a classic in vitro bioassay on the weeds. Extracts of white lupine and winter turnip rape reduced the colony growth of R. cinerea. Arabidopsis germination decreased and root malformation increased by all the extracts tested. Elymus repens germination was unaffected, yet the root elongation was reduced by the caraway, lupine, and winter turnip rape extracts.
INTRODUCTION
Numerous crops synthesize, as part of their defense systems, secondary metabolites that can be used in competition against weeds and pathogens. Most of these compounds are localized in different plant organs as active polar and nonpolar compounds [1] . 2008). Their synthesis and activity are dependent on the physiological stage of the plant [2] . These compounds are naturally released as leachates or root exudates [3] or through volatilization and tissue decomposition [4] . Some niche crops, such as faba bean (Vicia faba L.), white lupine (Lupinus albus L.), winter turnip rape (Brassica rapa L. ssp. oleifera (DC.) Metzg.), and caraway (Carum carvi L.) produce secondary metabolites that interfere with the germination and development of weeds and can control fungi [5, 6] . Nonetheless, the effects of the secondary metabolites may be dependent on internal and external factors, such as target plant classification into monocotyledons or dicotyledons, the seed size, doses of metabolites, soil type, temperature, and soil microorganisms [7] .
In Finland, quackgrass (Elymus repens (L.) Gould) is one of the most common weeds in agricultural land and accounts for most biomass accumulation in both conventional and organic farms of the country [8] . It is a highly competitive perennial weed that causes yield losses in temperate regions throughout the world. In Scandinavia, E. repens is mostly controlled with herbicides, although organic agriculture tillage methods, e.g. deep plowing is used to control perennial weeds [9] .
In Finland, in addition to weed infestation, the fungal pathogens Fusarium culmorum (W.G. Sm.) Sacc., Rhizoctonia solani J.G. Kühn (teleomorph: Thanatephorus cucumeris (A.B. Frank) Donk), and Botrytis cinerea Pers. regularly cause yield losses in major crops such as wheat (Triticum aestivum L.), rye (Secale cereale L.), barley (Hordeum vulgare L.), oat (Avena sativa L.), and potato (Solanum tuberosum L.) [10] . Fusarium contamination accounted for 2 to 25% in naturally infected samples of spring wheat, and F. culmorum was among the most common species found [11] . Rhizoctonia solani is the principal pathogen affecting potato production, causing canker [12] . Botrytis cinerea can attack more than 200 host plant species including mustards (Brassica L.), causing gray mold disease [13] .
In the present investigation, the bioactivity of extracts prepared from the shoots, roots, and whole plants of faba bean, white lupine, winter turnip rape, and caraway was evaluated against the growth and germination of the model weeds, the dicotyledonous thale cress (Arabidopsis thaliana (L.) Heynh.) and monocotyledonous E. repens. The bioactivity of these extracts was also evaluated against the growth of fungal pathogens F. culmorum, R. solani, and B. cinerea.
MATERIALS AND METHODS

Extract Preparation
Caraway (cv. Sylvia), turnip rape (cv. Kulta), faba bean (cv. Kontu), and white lupine (cv. Vesna) were grown in 10-l pots containing a commercial fertilized potting mix (Karkea ruukutusseos WR8014; Kekkilä Oy, Vantaa, Finland). In each pot, 30 seeds of each species were sown, and the potting mix was saturated with water. The pots were placed in a greenhouse with day/night temperatures of 22 to 18 ºC and relative humidity of about 40%. High-pressure sodium lamps (E40 400W; Osram GmbH, Munich, Germany) provided an 18-h photoperiod with a photosynthetic photon flux density (PPFD) of 340 µmol m -2 s -1 throughout the day at the top of the canopy.
At flowering, the plants were harvested. One third of the plants were treated as whole (shoots and roots), whereas the rest were divided into shoots or roots. The roots were washed to remove soil. A 300-g subsample of the harvested plant material was cut into a 200-ml jar (Sigma-Aldrich Corp., St. Louis, MO, USA), and 150 ml of sterile water were added to extract the polar metabolites. The samples were shaken at 80 revolutions per minute (rpm) for 20 h. The extract was filter-sterilized with a vacuum filtration system (polyethersulfone (PES) 0.45 µm per 250 ml; VWR International, Radnor, PA, USA) and freeze-dried. A 100-mg subsample was diluted into 50 ml of Milli-Q (MQ) sterile ultrapure water (Millipore Corp., Burlington, MA, USA) and stored at 4 ºC until further use.
Before use, the pH and electrical conductivity of the stock extract were measured (Jenway 4020; Jenway, Stone, Staffordshire, UK) at 25 ºC. The pH values of the caraway and white lupine extracts were alkaline (7.2 to 8.6), whereas the turnip rape and faba bean extracts were acidic (5.2 to 6.7), except for the faba bean whole-plant extract (pH 7.1). The electrical conductivity of all extracts varied from 3.5 to 9.6 mS m -1 (data not shown).
Bioassay of Model Fungal Pathogens
Each extract was tested on the three fungal pathogens: B. cinerea, F. culmorum, and R. solani, following the standard procedure of the agar diffusion assay [14] . An agar disk was cut to create a well in the center of the medium where the fungal solution was deposited. Additionally, four equidistant wells were also cut and 0.1 ml of the extract was added to each well. As a positive control, prochloraz-imidazole (450 g l -1 , Sportak; Bayer CropScience, Bayer AG, Leverkusen, Germany) was diluted to 1:10 (v/v) and added instead of the extracts. Sterile MQ water was used as the negative control. The Petri dishes were sealed with parafilm and incubated at 22 °C in alternating 12-h light/dark periods. After 3 d, two perpendicular diameters of the fungal colony were measured in each dish to obtain the mean value. The experiment was completely randomized with four replicates of each treatment.
Bioassay of Model Weeds
The E. repens seeds were collected at the Viikki Experimental Farm (60°22' N, 25°03' E), University of Helsinki, Finland. The seeds were cold-treated at -20 ºC for 48 h, followed by surface sterilization in 1.5% sodium hypochlorite and rinsed six times with sterile distilled water. The sterile seeds were placed on 0.8% water agar (Sigma-Aldrich) in Petri dishes (Ø 9 cm). In each dish, 3 ml of either sterile water or plant extract was added. The experiment was completely randomized with five replicates of each treatment. All the dishes were sealed with parafilm and placed in a growth cabinet with day/night temperatures of 25/20 ºC and relative humidity of about 30%. Natural white lamps (L36W/76; Osram) provided an 18-h photoperiod with PPFD of 140 µmol m -2 s -1 . After 15 d, the percentage of germination was evaluated and the root length was measured (only for the most efficient extracts).
Arabidopsis thaliana, ecotype Columbia, seeds were surface-sterilized in 70% ethanol for 2 min, followed by treatment in 1.5% sodium hypochlorite containing 20 µl of Tween-80 (Sigma-Aldrich) for 10 min and rinsed six times with sterile distilled water. Murashige-Skoog (MS) medium (Duchefa Biochemie, Haarlem, The Netherlands) was solidified with 0.8% agar (Sigma-Aldrich), and before solidification 3 ml of extract were mixed with 50 ml of medium. Ten seeds were sown in the medium. The experiment was completely randomized with five replicates of each treatment. The Petri dishes were sealed and placed at 4 °C in darkness for 72 h, after which they were placed in a growth cabinet under the same growing conditions as the E. repens. The root and shoot morphology of the 7-d-old seedlings was viewed under a dissecting microscope (Leica MZ FLIII; Leica Microsystems, Wetzlar, Germany) with an attached CCD camera. After 14 d, the percentage of germination was recorded.
Data Analysis
The effect of extracts on the seed germination and growth of the colony size of the pathogens was assessed with a one-way analysis of variance (ANOVA) (PASW version 22.0, IBM Corp., Armonk, NY, USA). In the analysis, each plant extract was considered as a separate treatment. The normal distribution was tested but since the transformations did not improve the normality, the distribution was assumed normal. A Tukey post-hoc test was utilized to compare the means of the treatments (p < 0.05).
RESULTS AND DISCUSSION
Pathogen Bioassays
The results from the pathogen bioassay indicated that the plant extracts affected the fungal species differently.
The extracts tested caused an approximately 7-to 8-fold decrease in the colony growth of B. cinerea and R. solani, whereas the colony growth of F. culmorum was not affected by the extracts (Figure 1) . However, the response of the B. cinerea colonies varied among the extracts tested. The only effective extracts studied against R. cinerea were lupine shoot, winter turnip rape root, and faba bean root. Rhizoctonia solani was the most sensitive to the plant extracts studied. All the extracts from white lupine and winter turnip rape decreased the diameter of the R. solani colonies by 3 cm in comparison to the control. Similar effects were observed in the colonies treated with caraway root and whole-plant extracts. In contrast, the colonies treated with faba bean root and wholeplant extracts grew larger than the untreated controls. However, the faba bean shoot extract markedly reduced the colony size of R. solani.
Although the active compounds of the extracts were not identified in this investigation, the effectiveness of lupine shoot extract may have been related to its alkaloid content, specifically to quinolizidine alkaloids. The antifungal mechanisms of alkaloids are based on their ability to simultaneously affect several organelles and biochemical pathways in cells, e.g. the pathway controlling calcium phosphate regulation. The impaired pathway leads to an increment of reactive oxygen species (ROS) and to dysfunctional mitochondria, inducing cell death [15] .
The most active secondary metabolites reported to interfere with pathogen growth in Brassica are glucosinolates. These compounds are not active until their hydrolysis by the enzyme myrosinate, after which the glucosinolates are transformed into isothiocyanates [16] . Our observations are in accordance with those of McCully et al. [17] who reported that the concentration of glucosinolates in oilseed rape (Brassica napus L.) was 5-fold larger in roots than in shoots. This may explain the effectiveness of the winter turnip rape root extracts in suppressing the colony growth of B. cinerea and R. solani. Additionally, R. solani is known to be sensitive to aliphatic isothiocyanates, due to the solubility of these compounds [18] .
The active compounds in faba bean extracts are presumably flavonoids and tannins. Previously, Elad [19] reported that 1.7 g L -1 of tannic acid was sufficient to reduce the growth of B. cinerea). Similarly, Castillo et al. [20] reported that 1 g L -1 of total tannins completely inhibited R. solani growth. The effect of caraway root extracts against R. solani may be linked to the content of aldehydes [21] , the active mechanism of which was previously associated with disruption of the permeability of the cell membranes [22] .
Weed Bioassays
The germination percentage of E. repens seeds was not affected by the plant extracts tested (Figure 2) . Nonetheless, its primary root was approximately 85% shorter following treatment with caraway shoot and whole-plant extracts, 70% shorter following treatment with lupine whole-plant extract, and 57% shorter following treatment with lupine shoot extract than in untreated controls (Figure 3) . However, in this investigation, the major effect from the extracts was observed in root growth, thus most likely reducing the competitiveness of the weed in plant stands.
In contrast to E. repens, the germination of A. thaliana seeds was significantly inhibited by all the extracts tested (Figure 2) . Furthermore, all the extracts tested caused stunted shoot growth and malformations in the roots of A. thaliana (Figure 4) . The abnormalities observed were mostly bifurcation of the primary root, excessive numbers of secondary roots, and underdevelopment of the root system. These effects were most clear following treatment with winter turnip rape shoot and whole-plant extracts. However, treatment with winter turnip rape extracts also increased the growth of A. thaliana shoots (Figure 4) .
The secondary metabolites in the extracts were not identified, but based on previous investigations, carvacrol, limonene, carvone, and carveol in caraway inhibit germination of common weed species, such as wild radish (Raphanus raphanistrum L.), charlock mustard (Sinapis arvensis L.), and common sowthistle (Sonchus oleraceus L.) [23] . Limonene for example, reduces the respiratory activity of the mitochondria apparently by disturbing the ATP synthase and reducing the ATP production [24] . Lupine alkaloids (mainly lupanine, sparteine, and quinidine) inhibit germination of garden lettuce (Lactuca sativa L.) and gardencress pepperweed (Lepidium sativum L.) seeds [25] . Alkaloids might have multiple target points, but for example, quinidine has its major effect in the Na + and K+ channels. These membrane proteins play important role in enzyme activation and the stabilization of protein synthesis [26] . Glucosinolates as isothiocyanates interfere with the development of seedlings through disruption of the auxin balance in plants [27] .
CONCLUSIONS
In conclusion, the fungi and weed species examined responded differently to the extracts tested. Fusarium culmorum responded to none of the extracts tested, whereas R. solani was affected by all winter turnip rape and white lupine extracts, as well as caraway root and whole-plant extracts. The colony growth of B. cinerea was reduced following treatment with lupine shoot, winter turnip rape root, and faba bean root extracts. Arabidopsis thaliana germination and root growth responded to all the extracts tested, whereas E. repens root growth was only affected by the caraway, lupine, and winter turnip rape extracts. Although the specific secondary metabolites in the extracts remain unidentified, the results of this study indicate a need for further investigation of the feasibility of using plant extracts in weed and pathogen management. 
